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X-ray bursts

Dis

1. Discovered in the middle of 1970s (e.g. Grindlay et al. 1976). 
2. Last for 10-1000 s. Sometimes reach Eddington limit.  
3. Originate from accreting neutron stars in low-mass binary systems 
(LMXBs). About 70 known. 
4. Thermonuclear unstable burning of H and He (and maybe C) 
accreted from the companion in the surface layers of neutron stars.  



Rossi X-ray Timing Explorer
Operated for 16 years: 

from 30 Dec , 1995
to 3 Jan, 2012

Main instrument: 
Proportional Counter Array, 

2.5-60 keV

Observed >2000 X-ray bursts



Plan

• Determining neutron star mass-radius   
(M-R) from thermal spectra

• Neutron star atmosphere models 

• X-ray bursts: dependence on the accretion 
state 

• Constraining neutron star M-R and EoS 
with the cooling tail method.



Easy to understand - hard to do: 
direct spectral fitting with the 

atmosphere models

Computationally expensive



Hard to understand - easy to do: 
spectral fitting of the data and the 

models with the blackbody 

Computationally cheap and fast



Neutron star mass-radius relation  
using blackbody radius at “infinity”

Fitting the bursts spectra with the 
blackbody we get the temperature 

Tbb and normalization K  

If the  distance is known, we can 
determine apparent radius, which 

is related to R and M of the 
neutron star.

  

Lbol = Lb,* (1+ z)−2

Teff ,∞ = Teff ,* (1+ z)−1

1+ z= (1−RS /R*)−1/ 2

  

Lbol ,* = 4π R*2σSBTeff ,*4Rbb = R∞ = R(1+ z) = R(1−RS /R)
−1/2
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Spectrum from NS atmosphere
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Comparison of the theoretical X-ray burst spectrum (blue curve) 

with the black body  (red) of the same effective temperature.

  

Color temperature 

Tc = fc Teff

fc  - color 
correction factor

FE ≈
1
fc
4 BE fcTeff( )



Neutron star mass-radius relation  
using blackbody radius at “infinity”

D10 = D /10kpc
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Photospheric Radius 
Expansion X-ray bursts



Distance-independent measure



What bursts can be used?

We have to be sure that spectral 
evolution during the cooling tail 

follows theoretical predictions for a 
passively cooling atmosphere. 



Plane parallel atmosphere model of the burning layer

NS crust

Thermonuclear burning

Radiation diffusion

      Atmosphere 
The emergent spectrum forms here



Atmosphere models
Hydrostatic equilibrium

Radiative transfer

Electron opacity

Energy balance

  Ideal gas law



Atmosphere models: 
emerging spectrum

Suleimanov et al. 2011, 2012; 
Nättilä et al. 2015



Atmosphere models: 
emerging spectrum

Usually described well 
by diluted black body 
(in range 2.5 - 25.0 keV)



Color-correction factor  fc 



Color-correction factor  fc 

• Models:

• Observations:



Data vs. models
• Models are well described by a simple 

blackbody (with T correction)

• Observations of the cooling are well 
described by a simple blackbody

We can simplify and only compare 
the temperature correction!



The cooling tail method

The observed evolution of K-1/4 vs. F should look 
similar to the theoretical relation fc vs. F/FEdd 

Two free parameters: A and FEdd.

K −1/4 = A fc (F / FEdd ) 



The data



Photospheric Radius 
Expansion bursts

• Roughly 2 kinds of bursts

• Hard state bursts (with low accretion)

• Soft state bursts (with high accretion)



Bursts from 4U 1608-52 at 
different accretion rates

@ high 
persistent flux

@ low 
persistent flux

Poutanen et al. (2014)

used by 
Guver, Özel



Ratio of bb normalizations at =1/2 
touchdown flux and at the touchdown

Evolution of 
blackbody 
normalization 
depends 
strongly  
on persistent 
flux and on the 
position on the 
color-color 
diagram4U 1608-52
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Hard state
4U 1724-307



Hard state
4U 1724-307

Intermediate state



Hard state Soft state
4U 1724-307

Intermediate state



 
 

Why the apparent area is different in 
different bursts?  

 



 
 

Why the apparent area is different in 
different bursts?  

 
Influence of accretion on the burst 

apparent area and the spectra



Two states of LMXB

Barret et al. 2000
Hard/low state - 

optically thin, hot region

Soft/high state - 
optically thick, cool region



Accretion geometry

Soft state  - optically thick boundary layer 

Hard state  - hot flow / hot optically thin boundary layer 



Inogamov & Sunyaev (1999) Suleimanov & Poutanen (2006)

radiative acceleration/ 
gravitational

radiative / effective 

Spectra are nearly 
diluted blackbodies 

with color 
correction 

fc=Tc / Teff  = 1.8

1. Accretion disk can blocks nearly 1/2 of the star.
2. Spreading of matter on NS surface affects the 
atmosphere structure increasing fc



M-R constraints from hard state bursts



M-R constraints from hard state bursts



Parameterized EoS from the data



Bolometric correction to the 
cooling tail method 

At the NS surface

Observed

fit directly in  

by 

with    as a fitting parameter



M-R constraints 
for SAX J1810.8-2609



Conclusions 
1. X-ray (thermonuclear) bursts with photospheric radius 

expansion are excellent tools to constrain M-R.  
2. We have developed detailed atmosphere models to predict 

the spectral evolution of the X-ray bursts during cooling tails. 
3. Spectral evolution of the “hard/low state” bursts is well 

described by the theory, while “soft/high state” bursts  are 
not (and therefore they should not be used for M-R 
determination). 

4. Current burst data (combined with existence of 2M☉NS) are 
consistent with the NS radii 11<R<13 km,

5. There is still some systematic uncertainties related to the 
data selection (flux intervals), assumption about chemical 
composition, accounting for rapid rotation, etc.

   


